Abstract-This paper explores a geometrical and computationally simple operator, named Ds, for local isotropy assessment on SAR images. It is assumed that isotropic intensity distributions in natural areas, either textured or nontextured, correspond to a single cover class. Ds is used to measure isotropy in processing neighborhoods and decide if they can be considered as belonging to a unique cover class. The speckle statistical properties are used to determine suitable Ds thresholds for discriminating heterogeneous targets from isotropic cover types at different window sizes. An assessment of Ds as an edge detector showed sensitivities similar to those of the ratio edge operator for straight, sharp boundaries, centered in the processing window, but significantly better sensitivity for detecting heterogeneities during the window expansion in multiresolution filtering. Furthermore, Ds presents the advantage versus the ratio edge coefficient of being rotationally invariant, and its computation indicates the direction of the main intensity gradient in the processing window. The Ds operator is used in a multiresolution fashion for filtering ASAR scenes of the Doñana wetland. The intensities in isotropic areas are averaged in order to flatten fluctuations within cover types and facilitate a subsequent land cover classification. The results show high degree of smoothing within textured cover classes, plus effective spatial adaptation to gradients and irregular boundaries, substantiating the usefulness of this operator for filtering SAR data of natural areas with the purpose of classification.
development in Doñana were monitored from 2006 to 2010 using Envisat/ASAR images acquired in alternated polarization mode, with HH/VV polarization configuration and at seven different incidence angles [4] .
The wetland mapping from the ASAR data required filtering the scenes to smooth out backscattering fluctuations owing to speckle and texture. Literature on speckle filtering is vast. Among the simplest methods are the boxcar or median filters, which perform well at smoothing speckle, but blur edges between different land cover types. Lee [5] , Frost et al. [6] , and Kuan et al. [7] algorithms improve SAR image filtering performance by making use of the statistical properties of speckle [8] . These algorithms use the coefficient of variation (CV) to measure local stationarity of pixel intensities and different degrees of filtering are applied accordingly. They are effective to approximate the terrain's radar cross section in homogeneous and textured targets but, again, might smear edges to some degree.
In order to preserve image structure and border sharpness, geometric criteria were introduced in the filtering process. The aim was to identify edges within the processing window and adapt the filtering neighborhood to them. In this line, Lee [9] proposed the use of gradient operators to detect edges in four directions (up-down, right-left, and diagonals). Touzi et al. [10] adopted a similar approach but used ratio operators, referred to as r2, more adapted to the multiplicative nature of speckle noise than the gradient operators. Ever since, different authors have successfully combined geometrical criteria based on ratio edge detectors and statistical filters, mostly Lee's and Frost's, to smooth speckle effects while preserving boundary definition in SAR images [11] [12] [13] [14] [15] . More complex de-speckling approaches considered anisotropic diffusion using partial derivative equation based methods [16] , [17] , wavelet transforms [18] , [19] , shearlet transforms [20] , [21] , or Markov random field models [19] , [22] , [23] .
The operative mapping from the ASAR imagery for the Doñana wetland's management demanded a relatively simple and robust filtering method, oriented at the subsequent segmentation and classification of the images. Single class areas had to be determined in presence of texture and irregular or gentle edges. The above-mentioned methods combining statistical filters and the ratio edge detector are simple and robust. The ratio edge operator is well adapted to spot straight and abrupt edges, but in natural environments, where boundaries take capricious geometries and can be gradual, its effectiveness can be improved by using the Ds operator, as shown in this work.
The Ds operator was first introduced in [24] for local isotropy assessment on SAR images, and then applied in [25] and [26] for filtering Envisat/ASAR images of the Doñana wetlands. This paper presents a detail analysis of the Ds operator performance in the context of SAR image filtering. The Ds definition is included in Section II-A. Section II-B assesses the Ds sensitivity to local heterogeneities. Its capability to identify the border between targets is compared to that of the CV and r2 operators in different scenarios: presence of straight and irregular boundaries, and in the case of spatial gradients. Section III introduces a methodology for the use of the Ds operator as an isotropy indicator in the multiresolution filtering of SAR images. This methodology is applied to Envisat/ASAR images of the Doñana marshes. Results are shown and compared to those for commonly used speckle filters.
II. PARAMETER DS FOR LOCAL ISOTROPY ASSESSMENT

A. Definition
Equations (1)-(3) define a geometrical operator, named Ds, for local isotropy assessment on SAR images. In these expressions, I stands for pixel value; i, j denote image row and column; N represents the processing neighborhood; and C i , C j are the image coordinates of the neighborhood geometrical center
Ds is referred to as geometrical because its definition depends on the pixel values spatial arrangement, so that image windows with identical histograms can have different Ds values. Ds represents the first-order central moment of the processing neighborhood, normalized by the total intensity. More intuitively, Ds represents the distance in pixels between the neighborhood geometrical centroid and what would be the gravity center if the pixel values were masses, referred to as intensity centroid. This distance provides a measurement of the intensities spatial imbalance, so that Ds yields small values for isotropic distributions (where geometrical and intensity centroids would be almost coincident) and large ones when high and low intensities are preferentially clustered in two different segments of the neighborhood.
Some interesting properties of the Ds parameter can be readily drawn from its definition: first, the Ds value is rotationally invariant. Second, the image physical dimensions (intensity and amplitude) are canceled out by the denominator in (2) and (3), so the Ds parameter can be used as an isotropy measure on any image type (e.g., amplitude or intensity). Finally, the vector defined by the neighborhood geometrical and intensity centers,
, approximates the direction of the spatial imbalance. When using Ds for filtering SAR images, the speckle noise stochastic properties are introduced through the thresholds used to discriminate between homogeneous and heterogeneous targets, as discussed in Section II-B.
B. Assessment of Ds as a Heterogeneity Detector
The probability density function (pdf) of parameter Ds operating over a SAR image of a homogeneous target has been estimated through Monte Carlo simulations. In absence of texture and spatial correlation, the backscattered intensities from a homogeneous target can be modeled by independent realizations of a negative exponential distribution for single-look SAR images, and a gamma distribution when the number of looks is higher than 1 [27] . A synthetic square image was generated so that pixel values were independent realizations of the same gamma distribution (same CV and mean) and the corresponding Ds value was computed through (1)-(3). This process was repeated 20 000 times. The occurrence frequency of the Ds values approximates the Ds pdf. Some of the resultant pdfs, which are independent of the mean intensity and window size, are shown in Fig. 1 . They depend only on the CV, becoming wider as the CV increases.
If the synthetic image is generated using other intensity distributions (e.g., Gaussian, negative exponential, and Rayleigh), the Ds pdf turned out to be the same in all cases, as shown in Fig. 2 . Hence, it can be said that the Ds pdf over a homogeneous target, meaning by homogeneous that the pixels' intensity can be modeled by independent realizations of the same statistical distribution, does not depend on the distribution type, the mean intensity, nor the processing window size. The Ds pdf is only determined by the pixel values' standard deviation to mean ratio or CV.
The value of Ds over a heterogeneous window comprising pixels of two different gamma distributions was simulated in presence of straight and irregular, sharp and gradual boundaries, and in the case that the edge is or is not centered within the processing window. The simulated edge geometries are depicted in Fig. 3 . The edge sensitivity of the Ds, r2, and CV parameters is analyzed in this section for those geometries.
The Ds pdf of a heterogeneous target computed using different window sizes and contrast values is represented in Figs. 4 and 5. It can be observed in these figures that Ds takes clearly larger values over heterogeneous windows than on homogeneous ones, and that it increases with both, window size and contrast between adjacent targets. Therefore, Ds is sensitive to target heterogeneity within a processing window.
When filtering backscattering fluctuations in a SAR image, it is necessary to test the stationarity of the processing window, so that the computation of filtered values avoids using pixels from different targets. In order to decide on the stationarity of a pixel neighborhood based on the corresponding Ds value, a threshold needs to be chosen, as done with the ratio edge detector or the CV [12] [13] [14] . To evaluate the performance of Ds as a heterogeneity indicator, the confusion probability has been defined as the average likelihood of misrecognizing a heterogeneous window as homogeneous or conversely. Given a Ds threshold Th, the confusion probability is computed through (4) and graphical interpretation is given by the shaded area in Fig. 4 for threshold 0.37, window size 7 × 7 and contrast 2.
Given a particular window size and contrast, the best performance threshold will be the one that minimizes the confusion probability of (4). This best threshold coincides with the Ds value where homogeneous and heterogeneous pdf curves intersect (e.g., value 0.37 for window size 7 × 7 and contrast 2 in Fig. 4 ). When moving a processing window on a SAR image the user can fix the window size, but edges with many different contrasts can be found. Then the optimal threshold might be selected for each window size as the one which minimizes the confusion probability integrated over the entire range of contrasts to be considered. The confusion probability when using Ds for detecting edges in an 11 × 11 processing window is plotted in Fig. 6 as a function of the used Ds threshold and for different contrasts between adjacent targets. For this window size, 0.31 is the optimal threshold, i.e., the thresholds minimizing the confusion probability when contrasts between 1.25 and 4.0 are considered
Optimal Ds thresholds were computed for edge geometries A, B, C, and D, and for different window sizes by minimizing the integral of the confusion probability curves from contrast 1.25 to 4.0. The confusion probability associated to edge geometries A, B, C, and D is depicted in Fig. 7 for their corresponding optimal Ds thresholds. The confusion probability of the CV and the ratio edge detector r2, was computed in the same way as for Ds and is plotted for comparison. Note that for the computation of r2's confusion probability, the inequalities in (4) need to be inverted because r2 takes higher values on homogeneous windows than on heterogeneous ones.
The charts in Fig. 7 illustrate the capability of the Ds, r2, and CV operators to spot the presence of a boundary through the processing window center. These figures reveal that all three operators perform well at spotting edges between targets with contrast higher than 3. For lower contrasts and geometries A and B, Ds and r2 show better edge sensitivity than CV. r2 yields slightly lower confusion probability than Ds for geometry A, though their sensitivities get closer with increasing window sizes. The relative performance of both operators is approximately inverted for geometry B. In the case of the irregular edge C, Ds shows the lowest confusion probability. Other irregular edges were tested and yielded similar results. However, the possible irregular geometries are many, and no general conclusions are attempted for them in this paper. Fig. 7 (d) compares the capacity of Ds, r2, and CV to detect nonstationarity due to the presence of a noncentered edge (geometry D in Fig. 3 ). CV makes use of the one-dimensional information of the window histogram to assess stationarity, while the two-dimensional information contained in the pixel values spatial distribution, regarding the isotropy-anisotropy of the target, is omitted. Ds exploits this spatial information and, in light of Fig. 7(d) , leads to lower false alarm plus missed detection rates than CV, for edges not centered within the processing window.
C. Use of Ds for the Assessment of Target Homogeneity in Multiresolution Filtering
A key issue in multiresolution filtering is to determine the largest stationary window where the filtering algorithm can be applied. Implementing the Ds operator for this goal requires the use of thresholds dependent on the processing window dimension, so that the best edge presence/absence split value is used at each window size. The optimal thresholds found by minimizing the integral of the confusion probability are depicted in Fig. 8 for window sizes between 5 × 5 and 21 × 21 and different ENLs. Knowledge of the best performance threshold trends, as provided by Fig. 8 , can greatly assist the selection of these values, which are critical for the quality of the results. These trends have been used in the multiresolution filtering of Doñana ASAR scenes, presented in Section III.
Gradual boundaries or transitions between targets, sketched in Fig. 3(e) , can be modeled as consecutive edges of low contrast. If Ds is used on this target type to determine the largest stationary neighborhood, this will depend on the target gradient magnitude, i.e., the maximum ratio between pixel increments in value and distance on the image. This dependence is shown in Fig. 9 : average Ds values of gradual boundaries are plotted as a function of window size for four different gradients. The intersections of these curves with the line of Ds thresholds show the window size that would be chosen for filtering each transitional area. It can be seen that, the lower the image gradient, the larger the filtering window size.
Several authors have proposed multiresolution speckle filtering algorithms exploiting the conjunctive use of the CV and r2 operators for the detection of stationary-nonstationary state [11] [12] [13] [14] . In [14] , after discarding the presence of an edge through the center pixel by thresholding r2, significant increments in the CV and r2 values were successfully used to spot the introduction of new targets during the window expansion. The sensitivity of Ds increments for the same goal has been tested and compared to the r2s and CVs. The dots in Fig. 10 shows the average Ds, CV, and r2 values in a processing window incorporating two columns of a new target B. The black lines depict the average Ds, CV, and r2 values for homogeneous windows. The distance of the dots to the black lines indicates the expected increment in Ds, CV, and r2 caused by the introduction of a new target B during the filtering window expansion. As intuitively expected, r2 increments decrease with the window size, since the larger the processing window, the smaller the ratio represented by the new target area. Conversely, Ds increments keep increasing given that values in the periphery of the processing window contribute with a higher weight in the computation of Ds than those in the center.
III. USE OF THE DS OPERATOR IN THE MULTIRESOLUTION FILTERING OF THE DOÑANA ENVISAT/ASAR SCENES
A. Site Description
The Doñana wetlands extent over 30 000 ha on the right bank of the Guadalquivir River, near its mouth on the Atlantic Ocean coast. The wetlands undergo yearly cycles of inundation in fall and drying out in summer, with a flood extent varying considerably among years [1] . At the end of the wintertime helophyte vegetation start emerging sparsely from large part of the flooded areas. The helophytes experience rapid development during the spring season and dry out in summer. Relatively high CV's have been observed on vegetated areas in the ASAR images. This observation might be explained by the different plant developmental stage of neighboring pixels causing the target texture. As a consequence of the high CV values, some common speckle filters reduce the filtering degree and significant intensity fluctuations remain, complicating the classification of those areas as a single cover type.
In Doñana, there are few man-made structures. Edges occur in the contact between different land cover types or between flooded and emerged land. They are very often associated to the terrain contours, with capricious geometries, and normally are not as sharp as crop boundaries or roads, but show some sort of transition. Due to the terrain flatness, even the inundation perimeter often becomes a wide swamped strip.
B. Imagery Data
Numerous Envisat/ASAR scenes of the Doñana marshes were acquired from 2006 to 2010 with the main purpose to monitor the flood extent evolution [4] . The images were obtained in alternated polarization mode, with HH/VV polarization configuration and using the seven ASAR's predetermined incidence angles or swaths [28] . The acquired data had an azimuth and range resolution of 30 m. The image products provided by the European Space Agency had a pixel spacing of 12.5 m and an ENL ranging between 1.76 and 3.78. The scenes were calibrated to backscattering coefficient as explained in [4] . Implications of the incident angle and polarization configuration for the wetland observation and mapping are analyzed in [4] and [25] .
C. Filtering Methodology
Delineation of the flooded areas from the ASAR imagery required filtering the scenes to smooth out backscattering fluctuations owing to speckle and texture within cover classes. Filtering was carried out in a multiresolution fashion and the Ds value was used to decide on the maximum homogeneous window: the processing window becomes as large as 21 × 21 pixels in isotropic areas and is progressively reduced when approaching edges, so that it does not ride over different land cover types. In presence of gradual boundaries, the filtering window size adapts to the gradient steepness.
The ASAR image products showed a significant spatial correlation between contiguous pixels due to the fact that the pixel spacing (12.5 m) is lower than the sensor's spatial resolution (30 m). The assessments and thresholds derived in Section II assumed that the pixel values were spatially independent realizations of a given statistical distribution. In order to decorrelate the ASAR pixels, new images were formed by selecting every other pixel from the original ones. Combining odd/even row with odd/even column pixels, four half size images were obtained from each ASAR one.
The Ds parameter was computed at every pixel of the four subsampled images, for odd window sizes ranging from 5 × 5 to 21 × 21. The Ds values were then placed back to their corresponding pixel's original location in the full-size ASAR image. The filtering method presented as follows used the full-size Ds and ASAR images.
The optimal set of Ds thresholds as a function of the window size was selected accordingly with the scene ENL (Fig. 8) .
The Ds values at each pixel (i,j) are compared to the thresholds of the corresponding window sizes Th(L), starting from L × L = 5 × 5. If Ds(5) < Th(5) then pixel (i,j)'s neighborhood is considered isotropic at least in a 5 × 5 window. For progressively increasing odd-side windows, conditions (5) and (6) below are tested. Fig. 11 assists their interpretation
Ds(L) < Th(L), for all pixels contiguous to (i, j). (6)
Only if both conditions (5) and (6) are satisfied, window (L + 2) × (L + 2) is considered isotropic and the next window size is assessed in a similar way, up to a maximum size of 21 × 21. If one of the above conditions is not fulfilled, then L × L is taken as the maximum isotropic window, which is used for filtering pixel (i,j).
An (L + 2) × (L + 2) window centered on pixel (i,j) is portrayed in Fig. 11 . Pixels contiguous to (i,j) are indicated with rings and the L × L subwindows for two of them are highlighted with gray and hatched backgrounds. Windows centered on symmetric features, such as curvilinear features (e.g., narrow water courses) or strong backscatterers, yield low Ds values and could be confused as isotropic neighborhoods by condition (5). Condition (6) assures that isotropy is accomplished in noncentered subwindows, preventing that sort of confusion. The presence of symmetric features could also be addressed by using higher order moments of the processing window [29] . However, specific threshold values should be computed for those moments. The contiguous pixel approach enables the use of the same set of thresholds, computed for the first moment and different window sizes.
If Ds(L) < Th(L) is not satisfied for the starting window size 5 × 5, Ds is computed for all 3 × 3 windows which include the pixel to be filtered (i,j) at any position. If the minimum resultant Ds is lower than threshold Th(3), then pixel (i,j) is filtered out using the values within the minimum Ds 3 × 3 window. Otherwise (i,j) is left unfiltered.
Once the maximum isotropic window had been determined following the methodology above, the pixel's filtered value was determined by simply averaging the window's intensities, since it was assumed that isotropic neighborhoods corresponded to a single cover type, the aim of the filtering was a subsequent classification and texture preservation was not a requirement. 
D. Results and Discussion
A segment of the Doñana ASAR scene captured on April 21, 2007 at 41
• incidence angle and VV polarization is shown in Fig. 12(a) . The image includes areas of open water, plus emerged and partially flooded bushes. Sharp boundaries are seen between emerged bushes and open water surfaces, while the transition between flooded and emerged bushes is more diffuse.
Ds values computed for the image in Fig. 12 (a) using 9 × 9 windows are depicted in Fig. 12(b) . The Ds computation was performed over the de-correlated ASAR pixels, as explained in Section III-C. It can be appreciated in Fig. 12(b) that Ds is highest over the abrupt boundaries with high contrast between adjacent targets, while the lowest Ds coefficients correspond to single class areas. Gradual transitions between flooded and emerged bushes yield intermediate Ds values. Alignments indicating these transitions are discernible in Fig. 12(b) . The r2 and CV coefficients obtained for Fig. 12 (a) in 9 × 9 windows are shown in Fig. 12(c) and (d) . Both, r2 and CV enable the determination of sharp edges, but the gradual ones get confused with the slightly textured natural covers. If computed over the decorrelated image, the r2 results approximate the Ds. However, Ds increases with the window size over gradual boundaries, while r2 keeps a stable value, as shown in Fig. 13 . This Ds sensitivity enables the adaptation of the filtering window to the gradient steepness. The maximum isotropic window size determined for every pixel of the ASAR image in Fig. 12(a) is shown in Fig. 14(a) . The window size ranges from 1 for unfiltered pixels to 21 in the largest isotropic areas and was determined by means of the Ds parameter thresholding, as described in Section III-C. This figure reveals the adaptation of the window to the image structure: filtering windows are progressively reduced when approaching a sharp edge, intermediate sizes are adopted in the transition areas depending on the gradient steepness and the maximum size is reached over isotropic, single class regions.
The filtered ASAR image obtained by averaging within maximum isotropic windows is shown in Fig. 14(b) . Fig. 14(c) and (d) shows included for comparison: they represent the results of applying the Frost filter to the ASAR image in 15 × 15 pixel windows and within the maximum isotropic windows, respectively.
As it can be observed in Fig. 14 , the methodology proposed in this work achieves the highest backscatter smoothing effect within cover types (open water, emerged bushes, and flooded bushes), while edges among different covers are properly preserved. The edge definition obtained by the Frost filter in Fig. 14(d) is similar to that of the proposed method in Fig. 14(b) , since the same multiresolution filtering windows were used. Nevertheless, the remaining intensity fluctuations within cover types are higher after the Frost filter. This can be explained by the fact that the widely used Frost algorithm was conceived for speckle removal. Where the window's intensity CV is higher than that expected for a homogeneous target, as in textured cover types, the filter impulse response is reduced in order to preserve texture. As a result, the intensity fluctuations are less smoothed over textured areas even though they belong to a single class. For the specific objective of flood mapping in the Doñana wetland, texture preservation was not a requirement, while flattening intensity fluctuations within textured cover types facilitated their classification as a single category. Assuming that isotropic intensity neighborhoods correspond to a single natural cover, the Ds parameter enables the discrimination between edges and textured areas. The subsequent averaging within isotropic areas provides the highest reduction of intensity fluctuations and therefore facilitates their posterior segmentation.
Regarding the Frost algorithm applied in 15 × 15 pixel windows [ Fig. 14(c) ], it can be observed that the multiresolution filtering results in Fig. 14(b) and (c) yield a more precise edge definition of sharp edges, while the intensity smoothing degree within classes is highest in the proposed method results [ Fig. 14(b) ]. The Envisat/ASAR images filtered with the aid of the Ds operator were used for land cover classification and flood mapping in Doñana. The classification method is out of the scope of this paper but it can be found in [25] .
It is noted that the Ds thresholds used to determine isotropy for the Doñana ASAR images were somewhat higher than the simulated ones in Fig. 8 . The latter optimal thresholds were computed assuming nontextured homogeneous targets, with pixel backscattering coefficients being independent realizations of the same gamma distribution. The fact that Doñana covers exhibit texture is presumably the reason why the best thresholds turned out to be greater too. However, the thresholds satisfactorily used for filtering the Doñana images followed an increasing trend similar to that found for synthetic targets. This allowed investigating just one scaling factor for the corresponding ENL Ds trend, instead of assessing new Ds thresholds for every filtering window size.
No special treatment was given to the signals from strong scatterers. Model-based filtering algorithms generally detect the presence of such targets and preserve their signals, because they do not exhibit speckle fluctuations. In Doñana there are some metal fences and gauging station cages, both behaving as strong backscatterers [e.g., at the bottom left of Fig. 12(a) ]. The location of fences and cages is precisely known, so they can be masked out and a detection algorithm of this target type is not required. However, such a detector could be easily incorporated as a first step into the presented methodology for its application to SAR images of other environments.
IV. CONCLUSION
The Ds operator performance has been analyzed for local isotropy assessment and backscatter filtering on SAR images. It is assumed that isotropic intensity distributions in natural areas, either textured or nontextured, correspond to a single cover class. Ds is used to measure isotropy in processing neighborhoods and decide if they can be considered as belonging to a unique cover class.
Ds is computationally simple, rotationally invariant, and its calculation indicates the direction of the main intensity imbalance in the processing window. When filtering SAR images, the speckle statistical properties were introduced to determine suitable Ds thresholds for discriminating heterogeneous targets from textured cover types at different window sizes.
Simulations of the confusion probability have shown similar edge sensitivity of Ds compared to that of the r2 detector in presence of straight, sharp, and centered boundaries. In the case of noncentered ones, Ds performs notably better than r2 and CV, which makes this operator more appropriate to spot the inclusion of heterogeneities during the processing window expansion in multiresolution filtering.
The motivation for using the Ds parameter was that some natural areas in the Doñana marshes ASAR images are textured, and significant pixel intensity fluctuations remain after applying common speckle filtering algorithms. In this study, isotropic neighborhoods were assumed to be of a single cover type and the intensities within were averaged regardless of their texture in order to flatten fluctuations and facilitate a subsequent land cover classification.
The use of Ds in a multiresolution fashion for filtering Doñana marshes ASAR scenes substantiated the usefulness of such operator. The results show the adaptation of the processing window size to the sharpness of the image structure, which is accomplished by means of the Ds thresholding; filtering windows are progressively reduced when approaching a sharp edge, intermediate sizes are adopted in the transition areas depending on the gradient gentleness, and the maximum size is reached over homogeneous regions. The homogeneity-heterogeneity Ds threshold selection for each window size was considerably simplified by using the optimal threshold trend corresponding to the scene ENL, although at least one absolute value needs to be adjusted by the user to set the scale of the trend.
